analysis. Based on the sister-group relationships and ontogeny of modern species and new fossil discoveries, we now know that the first echinoderms were bilaterally symmetrical, represented in the fossil record by Ctenoimbricata and some early ctenocystoids. The first radial echinoderms are the helicoplacoids, which possess a triradial body plan with three ambulacra radiating from a lateral mouth. Helicocystoids represent the first pentaradial echinoderms, and have the mouth facing upwards with five radiating recumbent ambulacra.
Smith 2012; Zamora et al. 2012; Gorzelak and Zamora 2013; Smith and Zamora 2013) . This has yielded valuable insights into the relationships and evolution of early echinoderms. Most significantly, we now have direct evidence from the fossil record of how the first pentaradial echinoderms emerged from their bilateral ancestors, enabling us to begin to unravel the sequence of character acquisition in the echinoderm stem group -even though a number of uncertainties still need to be addressed (Smith and Zamora 2013) . The aim of this paper is to review the current state-of-the-art knowledge of Cambrian echinoderms, highlighting important recent findings that have helped us build up a more complete picture of the phylogeny and early evolution of echinoderms. We finish by outlining several outstanding questions, which will be a major focus of research efforts in the coming years.
WHAT MAKES AN ECHINODERM?
According to most classic zoology textbooks, the three main synapomorphies of echinoderms are a calcite endoskeleton with a mesh-like stereomic structure (Fig. 1F, G) , pentaradial symmetry as an adult (Fig. 1A ) and a water vascular system derived from the left coelom only. However, one or sometimes two of these traits are absent in several Cambrian groups; cinctans, ctenocystoids, solutes and stylophorans do not exhibit any trace of radial symmetry (Fig. 1B, C) , and ctenocystoids (and possibly cinctans) lack an echinoderm-type ambulacral system (Smith 2005; Rahman and Clausen 2009; Zamora et al. 2012) . In contrast, other
Cambrian taxa, such as some edrioasteroids, clearly show "typical" echinoderm features, including pentaradial symmetry (e.g. Kailidiscus; Fig. 1H ) and an ambulacral system with floor plates, cover plates and large basins for the tube feet ( Fig. 1I-K) (Zhao et al. 2010) .
Cambrian echinoderms therefore represent a mosaic of different forms, with a mixture of ancestral and derived characters.
One feature that does seem to be common to all Cambrian echinoderms is the calcite endoskeleton. Although specimens with original calcite are rarely preserved, scanning electron microscope studies of isolated plates in which the skeleton has been secondarily replaced by other minerals Smith 2005, 2008; Clausen and Peel 2012) and cathodoluminescence analyses of fossils preserved as recrystallized calcite (Gorzelak and Zamora 2013) reveal stereom microfabrics in Cambrian forms that are similar to those observed in extant species (Fig. 1D, E) . In modern echinoderms, stereom formation is governed by a suite of unique genes (Bottjer et al. 2006) , and it seems likely that the same genes were responsible for biomineralization in the earliest fossil taxa (Gorzelak and Zamora 2013) . Recent work has suggested that extant hemichordates also possess endoskeletal elements constructed from calcium carbonate and regulated by homologues of several of the genes that are responsible for stereom formation in echinoderms (Cameron and Bishop 2012); however, the putative hemichordate endoskeleton is made from aragonite rather than calcite, implying an independent origin of mineralized tissue in the two phyla. Thus, out of the three characters traditionally taken as echinoderm synapomorphies, only a stereom endoskeleton remains as a convincing derived trait shared by all echinoderms.
THE CAMBRIAN FOSSIL RECORD
Cambrian echinoderms exhibit a range of disparate morphologies, including bilateral, asymmetrical, spiral and pentaradial forms (Smith et al. 2013) . All of these fossils are important as they document the early stages of echinoderm evolution; however, they can be difficult to interpret because they display unusual/unique character combinations that cannot easily be compared with one another, let alone with any extant taxa. Nevertheless, recent developments in high-resolution, non-destructive imaging techniques (e.g. X-ray microtomography) have made it possible to elucidate previously enigmatic details in several Cambrian echinoderms. Furthermore, the discovery of new and exceptionally well-preserved fossils has shed light on the characters of a number of extinct forms. The exact number of Cambrian clades is unclear; Zamora et al. (2013a) recognized eight major groups, but this is clearly an underestimate of the total number of clades present in the Cambrian because several groups are almost certainly paraphyletic (e.g. edrioasteroids and eocrinoids). In the following section, we briefly describe the main characteristics of those forms that are most critical to deciphering the Cambrian evolution of echinoderms.
Ctenoimbricata has a bilaterally symmetrical theca and lacks any appendages (Sup. data 1).
The theca is bordered by a ring of marginal plates, and is covered dorsally by a partially calcified membrane with embedded spiny ossicles and ventrally by a membrane of tessellate plates. Ctenoimbricata possesses a very wide anterior orifice, which has been interpreted as an inhalant and exhalant opening; the position of the anus is unclear, but it is inferred to have opened at the posterior (Zamora et al. 2012) . The anterior opening is dorsally protected by a flat roof of imbricate plates and a large central suroral plate, while its ventral part is bounded by a number of knife-like ossicles (Zamora et al. 2012) .
Ctenocystoids have a bilateral to weakly asymmetrical theca without a stem or typical ambulacra (Figs. 1B, 2F-H). The theca is framed by one or (more frequently) two superposed rings of large marginal plates; the dorsal and ventral surfaces of the theca are covered by tessellated membranes of small polygonal plates. At the anterior of the theca, a specialized organ composed of a series of tooth-like plates and a large suroral plate, called the ctenidium or ctenoid apparatus, encloses a pair of narrow grooves. This structure covers the mouth and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 presumably controlled feeding, although the exact mechanism is debated (Parsley 1999; David et al. 2000; Rahman and Clausen 2009) . A single cone-shaped aperture is located at the posterior of the theca and is universally agreed to mark the position of the anus (Robison and Sprinkle 1969; David et al. 2000; Domínguez Alonso 2004; Rahman and Clausen 2009) .
Cinctans have an asymmetrical theca with a posterior appendage (stele) ( Fig. 2A-C) . The theca consists of a single ring of robust marginal plates, termed the cinctus, which surrounds dorsal and ventral membranes of tessellated plates. Three major openings are located at the anterior of the theca. The mouth is a circular opening in the anterior right of the cinctus. The porta is a large opening that penetrates the cinctus at the midline and is covered by a large plate called the operculum; the function of this orifice is debated, and it is interpreted as an exhalant opening for either anal (e.g. David et al. 2000) or atrial (e.g. Smith 2005) outflow. A pyramid of small plates pierces the dorsal surface of the theca and is taken as an anus (e.g. Smith 2005 ) or a gonopore (e.g. Parsley 1999 ). In addition, in some species small openings between plates (sutural pores) occur in the dorsal membrane (Friedrich 1993; Zamora & Smith 2008) . One or an asymmetrical pair of food grooves, covered by multiple sets of small plates, run along the anterior margin of the cinctus into the mouth. At the posterior, the stele occurs as a rigid prolongation of the cinctus (Friedrich 1993; Jefferies et al. 1996; Zamora and Smith 2008; Rahman and Zamora 2009 ).
Solutes have an asymmetrical, polyplated theca with an appendage at either end (Figs. 1C,   2D ). The short flexible appendage at the anterior is typically composed of two rows of floor plates that are opposed by two rows of smaller cover plates. The mouth is located at the base of this appendage, which is taken to be a feeding ambulacrum; it is debated whether this represents an arm (e.g. Smith 2005 ) or a brachiole (e.g. David et al. 2000) , however because there is apparently a direct connection between the interior of the theca and the appendage, it seems most probable that this is an arm. Hydropore and gonopore openings are situated near the base of the anterior appendage in many taxa. The longer appendage (stele) at the posterior is either made up of numerous unorganized platelets (i.e. Coleicarpus), or differentiated into a highly flexible proximal region and a rigid distal part (other solutes). The anus is a large opening surrounded by specialized plates, and is located close to the stele insertion (Jefferies 1990; David et al. 2000; Smith 2005; Noailles et al. 2014) .
Stylophorans have an asymmetrical theca and a single appendage (Fig. 2E ). The class is usually divided into two orders: cornutes and mitrates. In cornute stylophorans, the theca is either exclusively composed of large plates (i.e. Ceratocystis -although this genus is sometimes placed as the sister group of cornutes plus mitrates; Lefebvre and Vizcaino 1999) , or consists of a frame of elongate marginal plates surrounding dorsal and ventral membranes of smaller tessellated plates (other cornutes). In some forms, serially repeated openings penetrate the dorsal surface; these are interpreted as respiratory structures (e.g. Lefebvre 2003) or gill slits (e.g. Jefferies 1986; Smith 2005) . Mitrate stylophorans tend to have a more weakly asymmetrical theca composed of larger plates; plating is often strongly differentiated between the two thecal surfaces (dorsal-ventral orientation is contentious in mitrates). In both cornutes and mitrates, the appendage is similar in structure, consisting of a wide proximal part, a single median element (the stylocone) and a distal part that is composed of a single row of stout ossicles and two rows of small covering plates (David et al. 2000; Lefebvre 2003; Smith 2005) . This appendage occurs at one margin of the theca (anterior-posterior orientation debated in stylophorans) and is interpreted as an ambulacrum for feeding (e.g. (Ruta 1999a ).
Helicoplacoids have a spirally plated, spindle-to bulb-shaped theca constructed of multiple rows of polygonal interambulacral plates and three recumbent ambulacra (Fig. 3A) . The ambulacra, which form part of the body wall, consist of paired floor plates (Fig. 3C) , with alternating pits for the tube feet podia, and multiple sheets of cover plates. The mouth is thought to be located on the lateral margin of the theca where the three ambulacra converge, with the anus situated at the upper pole (Durham and Caster 1963; Paul and Smith 1984; Sprinkle and Wilbur 2005; Smith 2008 ).
Helicocystoids have a spindle-like, spirally-plated body, a cup of tessellated plates and a short polyplated stem (Fig. 3B) . The large spiral region consists of rows of polygonal interambulacral plates (some of which are spine like) and five recumbent ambulacra; the ambulacra are composed of paired floor plates ( Fig. 3D ) and several series of cover plates, and lead to the mouth, which is situated on the upper pole and surrounded by a frame of oral plates. The anus is a conical structure located at mid-height on the lateral side of the body.
The lower part of the spiral region transitions abruptly into the cup, which is composed of irregular circlets of large polygonal plates. The stem consists of unorganized small circular plates (Smith and Zamora 2013) .
Edrioasteroids have a discoidal to globular theca and lack erect feeding appendages ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Zhao et al. 2010; Kammer et al. 2013; Zamora et al. 2013b ).
Eocrinoids have a sack-like theca, multiple erect feeding appendages (brachioles) and, usually, an aboral stalk or stem ( Fig. 4B-D , F, G). The theca is composed of numerous polygonal plates, which are either irregularly arranged, or organized into discrete circlets or zones. In many cases, the theca is covered in sutural pores (epispires; Fig. 4F ), which are thought to have been involved in respiration (Sprinkle 1973) . The brachioles are long and slender, consisting of floor (brachiolar) plates and cover plates (Fig. 4G) ; they arise from five ambulacra (arranged in a 2-1-2 pattern) situated on the upper surface of the theca (Fig. 4D,   F ). Brachioles are exothecal structures, meaning that they lack a direct connection to the interior of the thecal cavity (David et al. 2000) . The aboral appendage takes the form of an elongate hollow stalk with irregularly arranged plates (e.g. Gogia, Fig. 4D ) or a stem with cylindrical columnals (e.g. Ubaghsicystis), sometimes with a distal attachment structure; it is absent or highly reduced in a handful of taxa (e.g. Lichenoides) (Ubaghs 1968b; Sprinkle 1973 ).
PREVIOUS PHYLOGENETIC SCENARIOS
Despite improved knowledge of the morphology of Cambrian echinoderms, there is currently no rigorous cladistic analysis that incorporates all or even most of the relevant fossil taxa.
Nevertheless, a number of attempts have been made to reconstruct early echinoderm 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 phylogeny by using restricted subsets of taxa that that are thought to encompass Cambrian echinoderm disparity. Such work has the potential to provide a robust phylogenetic framework for elucidating the evolutionary emergence of echinoderms, so long as the methodology is appropriate, and a consensus now seems to be emerging (Fig. 5) . We briefly review previous work on the relationships of Cambrian taxa below.
Historically, most studies of the phylogeny of Cambrian echinoderms involved placing fossils on a tree by hand. One such study was by Ubaghs (1971 Ubaghs ( , 1975 , who presented a phyletic diagram in which asymmetrical (i.e. cinctans, ctenocystoids, solutes and stylophorans) and spiral (i.e. helicoplacoids) forms evolved before pentaradial echinoderms, and therefore belong to the echinoderm stem group; however, the branching order of the different stemgroup taxa was left ambiguous. This view was broadly accepted by many echinoderm workers at the time (e.g. Paul 1977; Philip 1979) . A radical alternative scenario was proposed by Jefferies and co-workers, who argued that stylophorans and solutes are not echinoderms, but are instead basal chordates ("calcichordates"; e.g. Jefferies 1968 Jefferies , 1986 Jefferies , 1990 Jefferies et al. 1996) . Under this model, stylophorans are depicted as stem-and crown-group chordates, with most solutes stem-group chordates -if correct, this would have major implications for the origins and early evolution of echinoderms and chordates, for instance implying that stereom is a deuterostome sympleisomorphy, rather than an echinoderm synapomorphy. The calcichordate model has been disputed in a number of papers (e.g. Philip 1979; Peterson 1995; Parsley 1997; Ruta 1999a; Lefebvre 2000) ; some of the strongest evidence against it comes from molecular biology, with comparisons of the genetic sequences of extant taxa showing that the key genes responsible for stereom formation in echinoderms are not found in chordates (Bottjer et al. 2006) . This, coupled with substantial differences in the chemical composition of the skeleton in modern chordates (hydroxyapatite), echinoderms (calcite) and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 hemichordates (aragonite), indicates that any fossils with a stereom skeleton (including solutes and stylophorans) should be interpreted as echinoderms. More recently, David and Mooi (1999) and David et al. (2000) presented a new phylogeny in which the various nonradial Cambrian taxa are derived, most closely related to crinoids (stylophorans) and eocrinoids (cinctans, ctenocystoids and solutes), with helicoplacoids and edrioasteroids at the base of the tree. In this phylogeny, stylophorans belong to the echinoderm crown group.
All of these studies are useful as they depict different hypothesis of how Cambrian groups are related to one another, but they are highly subjective because they superimposed character state changes onto a preferred evolutionary scenario (e.g. Ubaghs 1975; Jefferies 1986; David et al. 2000) or included characters that are based on very speculative interpretations of fossil morphology (e.g. Jefferies 1997 ). Formal, objective, cladistic analysis is essential to rigorously determine the evolutionary relationships of fossil taxa, but has only rarely been applied to Cambrian echinoderms. The first formal cladistic analyses of the relationships of early echinoderms were by Smith (1984) and Paul and Smith (1984) , who recovered a tree with cinctans, ctenocystoids, helicoplacoids, solutes and stylophorans at the base, eocrinoids and rhombiferans allied with crinoids in a pelmatozoan clade and edrioasteroids in the eleutherozoan stem group. Sumrall (1997) conducted a cladistic analysis of a number of Palaeozoic taxa and obtained a rather different tree topology, with cinctans, ctenocystoids, solute and stylophorans forming a derived monophyletic group nested within the Blastozoa.
The most recent cladistic analysis of Cambrian echinoderms was by Smith and Zamora (2013) , who included nine fossils and 17 characters, obtaining a tree that shows the early evolution of the phylum through bilateral (ctenocystoids), asymmetrical (cinctans and solutes), triradial (helicoplacoids) and pentaradial (helicocystids, eocrinoids and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 edrioasteroids) forms. This is the most up-to-date and robust phylogeny of Cambrian taxa currently available; it is used as the evolutionary framework in this paper (Fig. 5) .
ROOTING THE ECHINODERM TREE
Some of the most significant differences between the phylogenies outlined above are the product of how the echinoderm tree is rooted. For example, David et al. (2000) used Arkarua, a tiny Ediacaran fossil that has been interpreted as an echinoderm (Gehling 1987; Mooi and David 1998) , to root their tree. Arkarua is very poorly preserved and lacks distinctive morphological characters; it seems to exhibit pentaradial symmetry, but does not possess a mineralized skeleton. Moreover, the details of the ambulacra, if any, and the location of the main body openings are entirely unknown. Selecting Arkarua as the root for echinoderms has the effect of drawing pentaradial forms to the base of the tree, even though it is not possible to identify any other characters shared with these taxa. This is consistent with the known stratigraphic record of echinoderms, which shows that the oldest articulated specimens had a radial structure; the first echinoderms to appear in Laurentia were the triradial helicoplacoids, in Cambrian Stage 3, while in Gondwana the pentaradial eocrinoids appeared at approximately the same time (Smith et al. 2013; Zamora et al. 2013a) . However, the early fossil record of echinoderms is strongly influenced by both taphonomic and sampling biases (Zamora et al. 2013a) , and thus should not be read as a direct record of their evolutionary history. Furthermore, the appearance of very different fossil forms in Laurentia and Gondwana at about the same time is highly suggestive of a gap in the earliest record of the phylum (Zamora et al. 2013a ). Coupled with uncertainties over the echinoderm affinities of Arkarua (Budd and Jensen 2000), this suggests that an alternative root is needed to resolve the phylogeny of early echinoderms. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Another possibility for rooting the echinoderm tree is suggested by the ontogeny and sistergroup relationships of modern species. During their development, extant echinoderms pass through a bilateral larval stage and an asymmetrical metamorphosis, before the pentaradial adult emerges (Smith 2008 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
SPIRALLY-PLATED FOSSILS AND THE ORIGIN OF PENTARADIAL SYMMETRY
Although there are several bilateral, asymmetrical and pentaradial forms, only a single clade of Cambrian echinoderms shows triradial symmetry: the helicoplacoids (Fig. 3A) . First described by Durham and Caster (1963) , helicoplacoids are characterised by a spirally-plated body, three twisted ambulacra, an anus on the upper pole and a mouth in a lateral position.
The phylogenetic position of this enigmatic extinct group is debated; they are either considered as stem-group echinoderms that originated prior to the emergence of pentaradial symmetry (e.g. Ubaghs 1975; Paul and Smith 1984; Smith 2008 ), or as a derived group of echinoderms that have secondarily lost pentaradial symmetry (e.g. Mooi and David 1998; Sprinkle and Wilbur 2005) . Consequently, the group figures prominently in most scenarios for the evolution of pentaradial symmetry.
New spiral echinoderms from the Cambrian of Morocco (Smith and Zamora 2013) clarify the position of helicoplacoids and shed light on the evolution of pentaradial symmetry in early echinoderms. These fossils, the helicocystoids (Fig. 3B) , consist of three main regions: (1) a spirally-plated body with five ambulacra arising from a mouth situated on the upper pole; (2) a basal cup constructed with tessellated plates; and (3) a polyplated distal stem.
Helicocystoids show certain similarities to helicoplacoids, most notably the possession of a spiral body with ambulacra embedded in the body wall, but they differ in having the mouth in an apical position (as opposed to a lateral one). Moreover, helicocystoids display five ambulacra and an oral frame comparable to that of more derived pentaradial forms (Kammer et al. 2013; Smith and Zamora 2013) , and their cup and stem are similar to those of some Cambrian stemmed echinoderms (e.g. Gogia). They differ from stemmed echinoderms, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 however, in lacking erect feeding appendages; the ambulacra of helicocystoids are recumbent and more alike those of some edrioasteroids. Based on this mixture of characters, helicocystoids are interpreted as being close to the latest common ancestor of crown-group echinoderms (Fig. 5) . The shift in the position of the mouth from lateral in helicoplacoids to terminal in helicocystoids (a synapomorphy of all pentaradial echinoderms) indicates that torsion, a key phase in echinoderm development where the mouth is brought into an apical position for feeding, evolved progressively (Smith and Zamora 2013) , perhaps associated with the adoption of obligate larval attachment at the anterior (Smith 2008) . Helicocystoids fill the gap between helicoplacoids and crown-group echinoderms, finally revealing how a pentaradial structure originated in echinoderms.
DIVERSIFICATION OF PENTARADIAL FORMS
All extant echinoderms are pentaradial, and such forms also dominated during much of the Palaeozoic (Sumrall and Wray 2007 ). Traditionally, two major groups of pentaradial echinoderms are recognized, pelmatozoans (e.g. crinoids) and eleutherozoans (e.g. asteroids, echinoids, holothurians and ophiuroids). Since 1973, when Sprinkle published his seminal work on blastozoan echinoderms, stemmed echinoderms or pelmatozoans have been classified in two major groups: crinozoans, the unique living representatives of which are crinoids, and blastozoans, which include a large number of extinct clades and grades (e.g. blastoids, eocrinoids and rhombiferans). Both groups are said to exhibit primary pentaradial symmetry, which is sometimes secondarily modified (Sumrall and Wray 2007) , but they are supposedly differentiated by the construction of their feeding appendages (Sprinkle 1973; David et al. 2000) . In crinozoans, these are termed arms, and they are composed of plates that contribute to the theca (brachials), as well as ambulacral flooring and cover plates (note that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the floor plates are uncalcified in most fossil crinoids; Guensburg and Sprinkle 2009 ). Based on the anatomy of modern crinoids, arms are inferred to have housed coelomic extensions of the main body cavity. In contrast, blastozoans are thought to be characterised by the possession of brachioles, which are relatively simple structures mounted on floor plates, without a direct connection to the main body cavity. However, recent discoveries of arm-like appendages in the Cambrian forerunners of rhombiferans (Fig. 4H) , in addition to observations of solutes and diploporans (e.g. Eumorphocystis), have cast doubt on this division, strongly suggesting that arms are not unique to crinoids (Zamora and Smith 2012) .
Contrary to previous suggestions, it seems that the construction of pelmatozoan feeding appendages was actually quite variable during the Cambrian, and this character should hence not be used as the sole basis for differentiating major groups of pentaradial echinoderms.
Another group of typical pentaradial fossil echinoderms are the edrioasteroids. They vary in the construction of their ambulacra; derived edrioasteroids have either uniserial (isorophids) or biserial (edrioasterids) floor plates, while Cambrian forms are more diverse with uniserial (e.g. Protorophus), biserial (e.g. Cambraster) or quadriserial (e.g. Kailidiscus) floor plates (Zhao et al. 2010; Zamora and Smith 2012; Zamora et al. 2013b) . It is only recently, following the discovery of lower Palaeozoic fossils with well-preserved internal details, that the homology of these different sets of floor plates has been clarified (Sumrall and Zamora, 2011; Zamora 2013) . This showed that the quadriserial ambulacra of Kailidiscus are composed of outer and inner series of floor plates, with the outer (abradial) set topologically and structurally similar to the biserial floor plates of edrioasterids, Cambraster and Stomatocystites (indicating homology). Sumrall and Zamora (2011) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 with the exception of pyrgocystids, lack the outer floor plates. This new data, together with the results of a cladistic analysis (Zamora 2013 ) and detailed study of oral plating (Kammer et al. 2013) , suggests that edrioasteroids represent a paraphyletic grade of early echinoderms.
One of the chief problems for understanding the diversification and relationships of pentaradial echinoderms is that it is difficult to identify homologies between the various extinct groups because of their disparate morphologies (Sumrall and Wray 2007) . Some workers have attempted to use the extraxial-axial theory (EAT), a model of body wall homologies that assumes all echinoderms possess a skeleton that can be divided into axial (associated with the water vascular system) and extraxial (associated with the rest of the body wall) regions, to infer homologies among fossil taxa (e.g. Mooi and David 1998; David and Mooi 1999; David et al. 2000) . However, because the EAT relies on regional homologies that do not vary greatly across echinoderms, it does not yield sufficient characters for determining the phylogeny of early echinoderms (Sumrall and Waters 2012 ). An alternative model, universal elemental homology (UEH), works by identifying homologous plates between taxa, and hence is more useful for resolving the relationships of pentaradial echinoderms (Sumrall 2008 (Sumrall , 2010 Sumrall and Waters 2012) . It was originally developed for the study of relatively derived blastozoans, such as coronoids, blastoids, hemicosmitoids and glyptocystitoid rhombiferans; more recently, it has been extended to additional fossil groups, including Cambrian representatives of the classic blastozoan groups (e.g. eocrinoids), crinoids and edrioasteroids (Kammer et al. 2013) . A formal cladistic analysis based on UEH and including a wide range of Cambrian echinoderms is still awaiting publication, but the preliminary study of Kammer et al. (2013) has already yielded some interesting results. Based on the morphology and structure of the plates associated with the peristome (Fig. 6) , it seems that some edrioasteroids (e.g. isorophids) are more closely related to early blastozoans (e.g. gogiid 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 eocrinoids), while other edrioasteroids (e.g. Cambraster) are closer to derived blastozoans (e.g. glyptocystitoids) and crinoids. Thus, UEH shows that several groups previously thought to be quite distant from one another are actually close relatives, meaning that several classes (e.g. eocrinoids and edrioasteroids) are paraphyletic or polyphyletic. This radically alters the traditional view of the diversification of pentaradial echinoderms (e.g. Sprinkle 1973 ) and raises new questions that will need to be addressed in the future.
OPEN QUESTIONS
Despite major recent advances in our understanding of the morphology and evolution of early echinoderms, there are still a number of uncertainties concerning their earliest history. One key issue relates to the known spatial distribution of Cambrian fossils; while we now have a relatively good picture of echinoderms from the Cambrian of Laurentia and many parts of Gondwana (Smith et al. 2013; Zamora et al. 2013a) , the record from other palaeogeographical areas is still very patchy. This is significant because palaeobiogeography probably played a key role in controlling the evolution of Cambrian taxa; some of the oldest representatives of the main groups appear earlier in Gondwana than in Laurentia, and this is most likely linked to differences in their ecology during the Cambrian (Zamora 2010) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1999b; Sumrall and Brett 2002; Parsley and Sumrall 2007; Smith and Zamora 2009; Parsley et al. 2012; Zamora 2013; Zamora et al. 2013c) , there are very few robust phylogenies incorporating multiple groups, in part due to the problem of linking disparate forms with unambiguous statements of homology (Smith and Zamora 2013) . Recent discoveries from the Cambrian have helped clarify the relationships among some groups; for example, Ctenoimbricata allows us to identify homologies between ctenocystoids and cinctans (Zamora et al. 2012) , while Helicocystis shares characters with eocrinoids and helicoplacoids (Smith and Zamora 2013) . Nevertheless, we are still unable to confidently determine homologies among many other major clades, particular between radial and pre-radial forms.
Addressing this problem will require not only the discovery of new 'transitional' species, but also the detailed description of fossilized ontogenies (Sumrall and Wray 2007) , which could help us better understand the development of extinct taxa and hence the morphological transformations that occurred during their evolution.
Better progress is being made in terms of understanding the relationships of pentaradial fossil echinoderms, and a formal phylogenetic analysis that includes all such forms is close to completion (Kammer et al. 2013) , informed by homology statements based on the conserved oral regions of the skeleton (Sumrall and Waters 2012) . Unfortunately, the oral areas of Cambrian echinoderms are often incompletely known and/or poorly understood, and hence future efforts should focus on the recognition and description of these important anatomical parts.
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